Abstract-A quadrotor is a typical multiple-input multipleoutput (MIMO), underactuated, strong coupled nonlinear system with parameter uncertainty and unmodeled disturbance. To track the desired attitude and height, a linear active disturbance rejection control (LADRC) approach is utilized for the quadrotor control. LADRC has the capacity of estimating and compensating the generalized disturbance, and reduce the system to a unit gain double integrator, which is easily implemented and robust to environment disturbances. A simplified dynamic model of quadrotor is established using Newton-Euler equations. The design of LADRC is verified through numerical simulation and compared with PID controller. Simulation results indicate the LADRC can be used to achieve good performance in tracking the desired attitude and height.
I. ITRODUCTION
Quadrotor is a kind of non-coaxial saucer-shaped aircraft, which has been steadily increasing over the last few years. It has been widely used in civil and military fields for traffic surveillance, air pollution monitoring and agricultural applications [1] , due to simple structure, good mobility and low manufacture costs. The quadrotor possess six degrees of freedom and have the ability to move in a three-dimensional space. And the quadrotor can take off and land in limited spaces and hover above targets [2] , and has become a popular platform for many researchers in recent years.
It is difficult to control the quadrotor because of the underactuated and strong coupled properties. And there are some control methods proposed to track the desired attitude or trajectory. A new nonlinear PI/PID controller was proposed, which shows robustness to aircraft systems effects, such as aerodynamic drag, although only the effect of gravitational forces is compensated in [3] . To guarantees stability, tracking performance and robustness of the system, a backstepping controller in [4] was proposed to make the quadrotor track desired trajectory, while guaranteeing the convergence of the internal, but need so many computations and an accurate model of the quadrotor. In [5] , sliding mode control method was designed, which have the advantage of its insensitivity to the model errors, parametric uncertainties and other disturbances.
A neural network based output feedback controller in [6] was proposed, which utilized in the observer and for generating virtual and actual control inputs, respectively, where the neural network learn the nonlinear dynamics of the UAV online including uncertain nonlinear terms like aerodynamic friction and blade flapping. In [7] , the proposed multiLyapunov function based switching control algorithm is employed to achieve tracking of Cartesian space motion and the heading angle of the quadrotor. However, no evidence shows these controllers can handle external disturbances and model mismatches, such as wind and payloads.
In this paper, we propose the linear active disturbance rejection (LADRC) to track the attitude of the quadrotor. The LADRC controller consists of three units: the tracking differential (TD), the linear extended state observer (LESO) and the linear state error feedback (LSEF). The TD arranges for input a transition process to get a smooth input signal to achieve fast dynamic response without overshoot. The LESO is the main of the ADRC, which can estimate each state variable and the generalized disturbances including internal disturbance and external disturbance and can reduce the system to a unit gain double integrator. The LSEF can generate the control signal by the linear feedback of the error between the smooth input signal and the state variable estimation, and the disturbance estimation compensation.
The paper is organized as follows: in section II, the dynamic of a quadrotor is established. Because of the underactuated and strong coupled properties, section III presents the LADRC algorithm and the control system design of quadrotor based on LADRC. In section IV, the numerical simulations are given to illustrate the effectiveness of the proposed controller. Finally, the conclusion is presented in section V.
II. DYNAMIC MODEL OF A QUADROTOR
The quadrotor is a typical under-actuated aircraft with four rotors in a cross configuration. The scheme of a quadrotor is described in Fig. 1 . The front and the rear propellers rotate counter-clockwise, while the left and the right ones turn clockwise. By changing the speed of four rotors, one can produce the lift force and create motion. 
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, (1) where the notation has been adopted:
The dynamical model used for the quadrotor is based on the model by Rodic in [8] . According to Newton-Euler equations and in the absence of extern disturbances, we can obtain the rotational dynamic equation in the body-fixed frame and the translational dynamic equation in the earth inertial frame
where m are the mass and
y z x I diag I I I are the total inertia matrix of a quadrotor, f , are external forces as
and the gravitational reaction force g F , the forces f F , and the gyroscopic torque gyro acting on a quadrotor can be expressed as 
And the overall propellers' speed is represented
where 1 is the front propeller speed, 2 is the left propeller speed, 3 is the rear propeller speed, 4 is the right propeller speed. The torques f provided by the rotors can be expressed as ( )
where b and d are positive coefficient and assumed to be constant, the parameter l is the distance between the rotor and the center of the quadrotor
Finally, using equations (3) ~ (8) into the equation (2), the dynamic equations (9) of the quadrotor can be expressed in the inertial frame as. 
III. QUADROTOR CONTROLLER DESIGN
In this section, we design a control algorithm to control the aircraft to track the desired attitude and keep the desired height. ADRC [9] [10] is not depending on the specific mathematical model of the controller system, which has the capability of estimating and compensating generalized disturbance through the range of work in system. However, the ADRC has a lot of parameters to tune and hard to be applied in practice. And LADRC is the linear vision of ADRC discussed in [11] . [12] .
A. The LADRC Algorithm
The scheme of a typical second order LADRC system is showed is Fig. 2 . In LADRC, the extended state observer (ESO) and the nonlinear error state feedback (NLSEF) are simplified into the linear extended state observer (LESO) and linear error state feedback (LSEF) respectively. And the TD in LADRC is same as the TD in ADRC. 
and the observer gains are 1 2 3 , , , which can be obtained using the pole placement technique. And If the estimation error of 3 z can be ignored, we can reduce the plant to a unit gain double integrator,
so the LSEF can be designed as 
where c is the desired closed loop natural frequency and is damping ratio. And both c and are the parameters to be tuned in the LSEF unit.
B. LADRC Controller Design of Quadrotor
By defining 1 2 3 4 , , , , U U U U the complex nonlinear strongcoupled quadrotor system can be divided into four independent control channels: the roll channel, the pitch channel, the yaw channel and the height channel in Fig. 3 . The controller in the roll channel is designed as follows. The TD unit is designed based on fast discrete tracking differentiator method as in
where 1 v is the approximation to the desired roll input d v .
The function fst is the optimal synthetic rapid control function, which is defined as
so the model of the roll channel can be reduced to a unit gain double integrator. For pitch channel, yaw channel and height channel, the controllers have the same form as the roll channel.
IV. THE NUMERICAL SIMULATION
In order to analyze the dynamic behavior of the proposed controller in section III, the nonlinear model of the quadrotor is built ,which is on Matlab file to be used as an s-function in Simulink.
The quadrotor model parameters in the simulation are selected as 
A. Attitude Tracking Experiment Based on LADRC
The simulation result using the LADRC algorithm in the quadrotor is shown in Fig. 4 and Fig. 5 . The input of roll channel and pitch channel is sinusoidal signal expressed as 30 sin t and 30 sin / 6 t , respectively; the input of yaw channel is a rectangular wave signal and the input of height channel is a step signal. So there are different input signals in the four channels. As seen in the figures, the quadrotor based on LADRC can track different input signal in the four channels quickly. The results show the controller has short setting time, no overshoot and small attitude angle error. So the proposed control algorithm has the capability of making the quadrotor tracking the desired command and keeping the quadrotor in desired height quickly and no overshoot.
B. Attitude Tracking Experiment Comparison Between the LADRC and PID
To demonstrate the result of LADRC algorithm better, the comparison between LADRC and PID is provided in Fig. 6 and Fig. 7 . The inputs of the roll, pitch and yaw channel are the step signal with the final value of 15 degree. And the input of the height channel is the step signal with the final value 2m. As shown, it is clear that the roll channel, pitch channel, yaw channel and height channel using the proposed algorithm have shorter setting time, no overshoot and smaller attitude angle attitude angle tracking error compared with PID. In the actual flight, the quadrotor can be affected by external disturbances such as wind, so we do the disturbance rejection comparison experiment between LADRC and PID. The initial roll angle, pitch angle, yaw angle of the quadrotor are 0 degree. In the 5s of the roll angular acceleration loop, we join a rectangular wave which is amplitude of 20 and pulse width of 0.5s, to test disturbance rejection capability of LADRC and PID. And in the 10s of the pitch angular acceleration loop and in the 15s of the yaw angular acceleration loop, we join the same rectangular waves. The simulation result of disturbance rejection is shown in Fig. 8 .
As shown, the quadrotor based on LADRC can come back to stable state within 2s, and can be controller within a range of 4 degrees; and the quadrotor based on PID can also come back to stable state within 2s, but only can be controller within a range of 25 degrees. So LADRC has a better capability of disturbance rejection in contrast to PID.
V. CONCLUSION
In this paper, the attitude tracking control of a quadrotor based on LADRC is proposed. The dynamic model is established using Newton-Euler equations. LADRC algorithm overcomes underactuated, strong coupled characteristics in the presence of parameter uncertainty and unmodeled disturbance, which divides the nested closed-loops control system into four independent channels. In various numerical simulations, the LADRC algorithm has shorter setting time, no overshoot, smaller attitude angle error and better disturbance rejection in contrast to PID. So the simulation verifies the effectiveness of the design of the control method. Our future work will further tune the parameters of LADRC to improve its practicability and performance. Furthermore, we will verify the effectiveness of LADRC in an actual quadrotor aircraft.
